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NuoA is a small membrane spanning subunit of respiratory chain NADH:quinone oxidoreductase
(complex I). Unlike the other complex I core protein subunits, the NuoA protein has no known
homologue in other enzyme systems. The transmembrane orientation of NuoA cannot be unambig-
uously predicted, due to the small size of the polypeptide and the varying distribution of charged
amino acid residues in NuoA from different organisms. Novel analyses of NuoA from Escherichia coli
complex I expressed as fusion proteins to cytochrome c and to alkaline phosphatase demonstrated
that the c-terminal end of the polypeptide is localized in the bacterial cytoplasm, in contrast to what
was previously reported for the homologous NQO7 subunit from Paracoccus denitriﬁcans complex I.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction The seven membrane spanning proteins are of great impor-The proton pumping NADH:ubiquinone oxidoreductase (com-
plex I) has a molecular mass of about 500 kDa in prokaryotes and
up to 1000 kDa in eukaryotes. In prokaryotes the enzyme complex
typically consists of 14 conserved protein subunits, where the
NuoBCDEFGI constitute the hydrophilic part harboring all known
prosthetic groups, and NuoAHJKLMNmake up the hydrophobic do-
main, embedded in the membrane. The structure of the hydro-
philic part from the bacteria Thermus thermophilus, has been
solved at 3.3 Å resolution [1–2], revealing the location of the
FMN and nine iron-sulfur clusters. The membrane domain from
T. thermophilus and from Escherichia coli has also been crystallized,
and the structure solved, albeit at a lower resolution [3]. The ﬁrst
structure of a eukaryote complex I, the whole enzyme from the
yeast Yarrowia lipolytica, was solved at 4.5 Å resolution [4]. Due
to the low resolution and the absence of electron densities corre-
sponding to extramembraneous loop areas, the small protein sub-
units NuoA, NuoJ and NuoK could not be identiﬁed with certainty
in any of these solved structures.chemical Societies. Published by E
.se (C. Hägerhäll).tance, both theoretically to understand the proton pumping mech-
anism, and practically, to understand mitochondrial disease. All
seven proteins, denoted ND3, ND1, ND6, ND4L, ND5, ND4, ND2
in mammals, are encoded by mitochondrial DNA. The small
NuoA/NQO7/ND3 subunit is important for several reasons. The
NuoA protein is typically encoded by the ﬁrst gene in the nuo op-
eron of bacteria. Contrary to most other complex I proteins, NuoA
has no homologue among other proteins or protein complexes. It
deﬁnes complex I in relation to the membrane bound NiFe hydrog-
enases, that may contain equivalents of NuoJ, K, H and the antipor-
ter-like NuoL, M and N, but lack a NuoA [5,6]. The ND3 subunit is
involved in the phenomenon of active/inactive transition in mam-
malian complex I [7], and conserved glutamates in the polypeptide
have been demonstrated to be important for function [8]. Cross-
linking studies have demonstrated a direct interaction between
NQO7/NuoA and the NQO6/NuoB subunit in the soluble domain
of complex I [9], suggesting a proximal location of NuoA in the
membrane arm of complex I. The transmembrane topology of
NQO7/NuoA was previous determined in situ in Paracoccus denitrif-
icans, using antibodies against the N- and C-terminal peptide
stretches, and [3H] NEM labeling of the single cysteine residue in
loop2 to assess the polypeptide orientation [10].lsevier B.V. All rights reserved.
Table 1
Bacteria, plasmids and primers used in this work.
Bacteria Relevant properties Reference or
source
E. coli XL1-Blue recA1, endA1, gyrA96, thi, hsdR17, supE44, relA1 (lac) Promega
E. coli CC118 araD139D(ara,leu) 7697DlacX74phoAD20 galE galK thi rpsE rpoB argEam recA1 [14]
E. coli Rosetta
Gami
D(ara-leu)7697DlacX74 DphoA PvuII phoR araD139 ahpC gale galK rpsL (DE3) F’[lac+ lacIq pro] gor522::Tn 10 trxB pRARE2 (CamR,
StrR, TetR)
Novagen
E. coli JM109 endA1, glnV44, thi-1, relA1, gyrA96, recA1, mcrBþ D(lacproAB) e14-[F0 traD36 proABþ lacIq lacZDM15] hsdR17(rK_mK+) Promega
Plasmids
pEC86 Contains the ccm operon, CmR [21]
pPhoA phoA0 , AmpR [11]
pTRC19 cccA0 , AmpR [15]
pTCH cccA0 fused with codons for his-tag, AmpR This work
pACH nuoA fused with cccA0 containing codons for C-terminal his-tag, AmpR This work
pAtrCH nuoA0 fused with cccA0 containing codons for C-terminal his-tag, AmpR This work
Primers Primer sequence
NuoA-Blunt 50-GCGTTGACGATTAGCGATACTGTTGC-30
NuoA-SacI 50-GCAGTGAATCTGGAGCTCCTTTTGATGAG-30
NuoA-HindIII 50-GAGCAGTGAATCTGAAGCTTCTTTTGATGAGT-30
TrNuoA-Blunt 50-GCG GAT AGA GGT TGA CCA TGC G-30
His-pTRC-Forw 50P-AAGAACTATTTTTCTCTTTATACATTC-30
His-pTRC-Rev 50P-TTAATGATGATGATGATGATGTTTAATTTTTGACACCCACTC-30
3278 E. Virzintiene et al. / FEBS Letters 585 (2011) 3277–3283We have had a long standing interest in themembrane spanning
domain of complex I, and have analyzed the transmembrane topol-
ogy of several subunits using fusion protein techniques [11,12]. As
we were constructing cytochrome c containing fusion proteins of
complex I subunits in an E. colimodel system, that require a C-termi-
nal location of the fusion point for holo-cytochrome production, we
noticed that NuoA fusion proteins did not behave as expected based
on the previously determined transmembrane topology of P. deni-
triﬁcansNQO7 [10]. We subsequently noted that theoretical predic-
tions of the NuoA transmembrane topology were easily
compromised, since the distribution of positively charged residues
in the loop regions varies among species. In a small protein like
NuoA, a standard prediction may suffer from substantial sample
bias, particularly since themitochondrially encodedND3 sequences
are very abundant in the databases. A comprehensive experimental
topology analysis of 714 membrane spanning proteins in the E. coli
proteome by fusions to green ﬂuorescent protein (GFP) and alkaline
phosphatase (PhoA) fusions successfully determined the location of
the C-termini for 601 proteins, but unfortunately, NuoA was among
the few proteins where the orientation was left undecided [13]. In
thiswork, the transmembrane orientation of theNuoA subunit from
E. coli complex Iwas addressed independently, usingdifferent fusion
protein techniques [14,15]. Cytochrome c fusion proteins compris-
ing truncated and full length NuoA were constructed and analyzed.
A new NuoA-PhoA fusion protein was directly compared to other
similar sized PhoA-positive and PhoA-negative fusion protein con-
structs. A better theoretical prediction of the NuoA subunit orienta-
tion using the positive inside rule [16] and majority vote approach
[17] was achieved by using sequences from distant members of
the entire complex I enzyme family, resulting in theoreticaldata that
agreeswellwith thenewexperimental results. It couldbe concluded
that NuoA contains three transmembrane segments, but contrary to
what was previously reported in P. denitriﬁcans [10], the C-terminal
of NuoA from E. coli is located in the bacterial cytoplasm (corre-
sponding to the mitochondrial matrix).
2. Materials and methods
2.1. Transmembrane topology prediction
Primary sequences were collected from the protein sequence
database UniProt. Multiple sequence alignment was done using
MACAW developed by Greg Shuler at the Center for Biotechnol.Info., Bethesda. Transmembrane topology prediction was per-
formed using HMMTOP [18], TMHMM from the Center for Biolog-
ical Sequence Analysis, Department of Systems Biology, Technical
University of Denmark, TopPred [19] and TMpred provided by
EMBnet, that were used with their default values.
2.2. Construction of fusion proteins
2.2.1. Cytochrome c fusions
Bacterial strains and plasmids used are listed in Table 1. The
plasmid pTCH was built from pTRC19 that contain the truncated
cccA gene, encoding the cytochrome part of cytochrome c550 from
Bacillus subtilis [15]. In pTCH, and a C-terminally fused his-tag
was added to the cytochrome (Table 1) using the Phusion site-di-
rected mutagenesis method. 50 phosphorylated primers (Table 1)
were synthesized and subjected to PCR using pTRC19 as a tem-
plate. The PCR product was ligated with T4 DNA ligase to obtain
pTCH. The correct construct was conﬁrmed by sequencing.
The full length and truncated E. coli nuoA gene were ampliﬁed
by PCR from chromosomal DNA prepared as described in [20] using
the primers NuoA-HindIII as a forward primer, and NuoA-Blunt or
trNuoA-Blunt as reverse primers, respectively (Table 1). Phusion
Hot Start II High-ﬁdelity DNA Polymerase (Finnzymes) that is gen-
erating blunt end products was used. The obtained fragments were
cut with HindIII (Fermentas) and ligated into the pTCH vector that
had been digested with HindIII and SmaI. The constructs were
transformed into E. coli XL1-Blue by electroporation. The transfor-
mants were selected on LB-agar plates containing ampicillin
(100 lg/ml) and were analyzed and sequenced over the fusion
point. The correct constructs were transformed into E. coli JM109
harboring the plasmid pEC86 [21] that carries cytochrome c matu-
ration genes (ccm) as well as a chloramphenicol resistance marker,
thereby allowing both the pTCH plasmid derivatives and the pEC86
to be retained. The two constructs were named pACH and pAtrCH
encoding full length and truncated NuoA fused to C-terminally his-
tagged cytochrome c domain, respectively (Table 1).
2.2.2. The alkaline phosphatase fusion
The nuoA gene was ampliﬁed from E. coli chromosomal DNA by
PCR using Pfu DNA polymerase and the primers NuoA-Blunt and
NuoA-SacI (Table 1). The resulting DNA fragment was digested
with SacI and ligated into pPhoA [11] that had been digested with
SacI and SmaI. The resulting construct was transformed into E. coli
E. Virzintiene et al. / FEBS Letters 585 (2011) 3277–3283 3279CC118 by electroporation. The transformants were analyzed and
sequenced over the fusion point. The correct construct was subse-
quently also transformed into E. coli Rosetta Gami, a strain that car-
ries mutations in trxB/gor, and thus permits formation of disulﬁde
bonds in the cytoplasm. E. coli transformants expressing fusion
protein were plated on LB agar plates containing ampicillin
100 lg/ml, 5-bromo-4-chloro-3-indolyl-phosphate (X-phosphate)
40 lg/ml and isopropyl-thio-b-D-galactoside (IPTG) 15 lg/ml.
E. coli cells were generally grown aerobically at 37 C and
200 rpm in bafﬂed E-ﬂasks and LB medium [20], omitting the X-
phosphate. For fusion protein expression (Section 2.4), IPTG was
added after 4 h, when the OD600 had reached about 0.6.
2.3. Production of the cytochrome c fused proteins
Full length and truncated NuoA C-terminally fused to his-
tagged cytochrome c domain were produced in E. coli JM109 con-
stitutively coexpressing the ccm operon, which is responsible for
heme insertion and cytochrome c maturation, from pEC86 (kindly
provided by Linda Thöny-Meyer, Table 1). E. coli JM109/pEC86
expressing NuoAcytH and TrNuoAcytH were grown microaerophi-
licly at 30 C, 200 rpm. The culture media was inoculated from cells
grown conﬂuently on LB- agar plates. Expression was induced with
IPTG added from the start of inoculation to the ﬁnal concentration
of 50 lM. The growth time was optimized as before [15]. Incuba-
tion times in the range of 8 and 45 h were tested to obtain the
highest amounts of fusion proteins. After growing and harvesting,
the cells were disrupted using a French press (SLM-Aminco, spec-
tronic instruments) at 6.9  106 Pa (1000 psi), and the membranes
were isolated as described previously [15]. Protein determination
was done with the BCA Protein Assay Kit (Pierce) with bovine
serum albumin (Sigma) as standard and including 2% SDS.
For protein puriﬁcation, membrane preparations from 12 h cul-
tures were solubilized by dodecylmaltoside (DDM) in 20 mM BTP,
pH 6.8 buffer by adding the detergent to the ﬁnal concentration of
5% (w/v). The solubilization was performed at 4 C with stirring for
3 h, followed by ultracentrifugation using a Beckman 50.2 Ti rotor,
30 min at 30 000 rpm, to remove unsolubilized material. 1 M imid-
azole and 5 M NaCl were added to the supernatants to achieve the
ﬁnal concentrations of 40 mM and 500 mM, respectively. The pro-
tein samples were then loaded on a pre-calibrated 5 ml HisTrap
column (GE Healthcare) and washed with 12 volumes of binding/
washing buffer (20 mM BTP, pH 6.8, 0.1% DDM, 500 mM NaCl,
40 mM imidazole). The protein was eluted with an imidazole gra-
dient up to 1 M in 8 column volumes and collected in 1 ml frac-
tions. The cytochrome-tagged proteins eluted at about 400 mM
imidazole. The fractions that were eluted at the gradient were
pooled in three larger fractions, concentrated and washed twice
with sample buffer (20 mM BTP, pH 6.8, 0.1% DDM, 50 mM NaCl)
using Milipore Amicol Ultra, MWCO 30 000, in order to remove
imidazole and to lower the salt concentration.
2.4. Western blot and heme staining
Membrane protein for SDS–PAGE and Western blot of PhoA fu-
sion proteins were prepared from E. coli CC118 and E. coli Rosetta
Gami expressing the NuoA fusion protein and control fusion pro-
teins essentially as described previously [11]. For the cytochromec
fusion proteins, membranes were prepared as in Section 2.3, and
SDS–PAGE was performed as described by Neville using 10% acryl-
amide gels [22]. Solubilized membranes and the fractions of puri-
ﬁed protein were diluted with pure water and incubated with
loading buffer at 37 C for 30 min in 1:1 ratio. Electrophoresis
was run at 100 V for 1 h 45 min. Transfer to PVDF membrane (Mil-
ipore) was done according to the manufactures instructions. The
blot was run at 0.8 mA/cm2 for 2 h. The primary antibody,anti-cyt c550 (kindly provided by Lars Hederstedt), was diluted
1:5000 in blocking solution (1% (w/v) bovine serum albumin
(BSA), 0.05% Tween-20) and incubated with the membrane for
1 h at room temperature with agitation followed by three-step
washing with phosphate-buffered saline (PBS: 10 mM sodium
phosphate, pH 7.2 and 0.9% (w/v) NaCl) for 10 min. Bound antibod-
ies were detected using alkaline phosphatase linked goat-anti rab-
bit antibodies diluted 1:20 000 ratio in blocking solution. Finally,
the PVDF membrane was washed as before and subsequently
developed with ECF (GE Healtcare). Activities were monitored
using Kodak Image Station 2000MM at 650 nm. For the PhoA fu-
sion proteins, SDS–PAGE was done according to Schägger and
von Jagow [23], using a 10% acrylamide/bis (29:1) separating gel.
E colimembranes were diluted in 2–4% SDS and incubated in load-
ing buffer. Transfer to PVDF was done as before, but the blot was
run at 0.4 mA/cm2 for 17 h. Anti-PhoA antibodies (kindly provided
by Lars Hederstedt) were used at 20 000 dilution. Bound antibodies
were detected using AKP-linked goat-anti rabbit antibodies
(20 000-times dilution) as secondary antibody. Activities were
monitored using a STORM 860 ﬂuorimeter (Molecular dynamics,
Amersham Biosciences) at 650 nm.
For heme staining of the cytochrome c-fusion proteins, an SDS–
PAGE was run in same fashion as before. Then peroxidase activity
was visualized directly in the gel by the method of Kashino et al.
[24] using 3,3-diaminobenzidine tetrahydrochloride as substrate.
2.5. Optical spectroscopy
Optical spectra of the solubilized membranes were recorded
using a Shimatdzu UVPC 2100 spectrophotometer. The samples
were analyzed as K3Fe(CN)6-oxidized (0.5 mM), ascorbate-reduced
(10 mM) and dithionite-reduced (a few grains of solid reductant).
Using the extinction coefﬁcient of cytochrome c550
e = 24 mM1 cm1 [25] concentrations of cytochrome c tagged
NuoA and TrNuoA were calculated from Eq. (1):
½cytc550 ¼ ½ðAred550  Aox550Þ  ðAred535  Aox535Þ=e: ð1Þ2.6. PhoA activity measurements
Liquid cultures were inoculated with 1% over night culture and
grown until A600 = 0.5–0.7. Expression of fusion protein proteins
were induced by addition of 1 mM IPTG and growth were contin-
ued for 2 h. Cells were permeabilized and assayed as described
by Manoil [26], using p-nitrophenyl phosphate as substrate for
PhoA.
Units of activity ¼ OD420  ð1:75 OD550Þ½   1000
tðminÞ  OD600  VðmlÞ ð2Þ
Activity in units was calculated by Eq. (2), where V is the vol-
ume of cells, t is the time during which permeabilized cells are
incubated with substrate at 37 C. A600 was measured before add-
ing substrate. A550 and A420 were measured after adding substrate
and correspond to cell debris and the yellow color development of
the substrate, respectively.3. Results and discussion
3.1. Predicting the NuoA orientation
A large set of NuoA sequences from all members of the complex
I enzyme family was collected, to obtain a prediction based on a
majority vote approach [27]. A representative sample, with mem-
bers from diverse branches of the tree of life that contain a com-
plex I like enzyme for which sequence data is available, is shown
Fig. 1. The sequences shown are, in order of appearance, NuoA polypeptides from E. coli (c-proteobacteria-enterobacteriales), Paracoccus denitriﬁcans (a-protobacteria), Bos
taurus (mitochondria), Bacteroides vulgatus (Bacteroidetes), Aquifex aeolicus (aquaﬁcae), Helicobacter pyrolii (e-proteobacteria), Oryza sativa (chloroplast), Bacillus cereus
(ﬁrmicutes), Chlorobium tepidum (chlorobi), Sulfolobus solfataricus (crenacheota),Methanosarcina mazei (euarchaeota-metanomicrobia), Natronobacter pharaonis (euarchaeota-
halobacteria) Archeoglobus fulgidis (euarchaeota-archaeoglobi), Thermoplasma acidophilum (euarchaeota-thermoplasmata) and Psychrobacter sp. strain PRwf-1 (c-
proteobacteria- pseudomonadales). The respective polypeptide names are followed by the two ﬁrst letters in the organism name, i.e. the E. coli protein sequence is
denoted NuoA Ec, the P. denitriﬁcans sequence is denoted NQO7 Pd and so forth. The predicted transmembrane segments are shaded in green. Positively charged amino acids
are marked in blue and negatively charged residues are marked in red, to visualize the charge distribution in the loop regions. The shortest NuoA sequences are 115 amino
acids found in mammalian mitochondria (116 amino acids in bacteria, as exempliﬁed by the B. vulgatus sequence), whereas the longest NuoA found to date is 211 amino
acids. The longer NuoA proteins typically have the extension in the C-terminal end, as exempliﬁed by the Psychrobacter sequence, but there are also some examples of a longer
loop 1, as in T. acidophilum. The position of the cysteine residue, involved in the active/inactive transition of the mammalian complex I [7] is indicated by an asterisk.
Table 2
Predicted location of the NuoA c-terminus.
Organism TMpred TMHMM 2.0 HMMTOP TopPred
Escherichia coli i i i i/?/i
Paracoccus denitriﬁcans o i i i/?/i
Bos taurus mitochondria i o o i/?/?
Bacteroides vulgatus o i i i/?/i
Aquifex aeolicus i o o i/?/o
Helicobacter pyrolii i i i i/?/i
Oryza sativa chloroplast o i i i/?/ i
Bacillus cereus i i i i/?/ i
Chlorobium tepidum i i i i/?/ i
Sulfolobus solfataricus i o i i/?/ i
Methanosarcina mazei i o i i/?/ i
Natronobacter pharaonis i i i i/?/ i
Archeoglobus fulgidis i i i i/?/ i
Thermoplasma acidophilum i i i i/o/i
Psychrobacter sp. PRwf-1 i i i i/o/?
i = inside (bacterial cytoplasm, mitochondrial matrix), o = outside (bacterial peri-
plasm, mitochondrial intermembrane space, ? = undecided. TopPred reports the
prediction of orientation by different criteria separately (distribution of Arg and
Lys/hydrophilic loop length/all charged residues), whereas the other methods
report one overall prediction.
3280 E. Virzintiene et al. / FEBS Letters 585 (2011) 3277–3283in Fig. 1. The prediction outcomes for those sequences is listed in
Table 2. In all prediction methods tried, there was a general agree-
ment that NuoA contained three transmembrane segments,
although in a few cases only two putative transmembrane seg-
ments were found. The subsequent prediction of the orientation
of NuoA was more challenging, however (Table 2). The positive
inside rule [16] predicts that polypeptide segments located on
the inside contain more positively charged amino acid residues
than those located on the outside. The charge distribution in the
four extra-membraneous segments of NuoA from the large sample
of sequences ranges from 1 to 2 in the N-terminus, from 4 to
+5 in loop 1, from 1 to +1 in loop 2 and from 2 to +4 in the
C-terminus (see also Fig. 1). If one instead looks at only the distri-
bution of arginine and lysine residues, known to act as stop-trans-
fer signals when polypeptides are leaving SecY through the lateral
gate [28,29] they range from 0 to 1 in the N-terminus, from 2 to 10
in loop 1, from 0 to 2 in loop 2 and from 1 to 7 in the C-terminus.
Notably, the mitochondrial ND3 sequences contain particularly
few positively charged residues in general, and the abundance of
these sequences in databases thus cause a strong sample bias.
When a selection of members of the complex I family from diverse
branches of the phylogenetic tree of life are compared, and it is as-
sume that NuoA must have the same topology in all family mem-
bers, a different picture emerges (Fig. 1, Table 2). Summarizing the
predictions, it seems most likely that the N-terminal end and loop2
are located on the outside whereas loop 1 and the C-terminal end
are located on the inside (mitochondrial matrix, bacterial
cytoplasm).3.2. Determining the orientation of NuoA experimentally
We have recently made use of cytochrome c fusion proteins to
facilitate the puriﬁcation and quantiﬁcation of various complex I
subunits from E. coli [15]. A plasmid, pTCH was produced for the
Fig. 2. Optical spectra of solubilized E. coli membranes from microaerophilic growth at 30 C for 12 h reduced with ascorbate (red trace) or dithionite (blue trace). 0.5 mM
ferricyanide was ﬁrst added to fully oxidize the sample. The peak at 550 nm correspond to cytochrome c, whereas the peak at 559 nm results mainly from cytochrome ba3
occurring naturally in the aerobically grown E. coli. A: membranes from cells expressing the full length NuoA protein fused to cytochrome c550 (NuoAcytcH). B: membranes
from cells expressing the truncated NuoA protein fused to cytochrome c550 (TrNuoAcytcH).
120 kDa 
85 kDa 
50 kDa 
35 kDa 
25 kDa 
20 kDa 
NuoAcytH 
TrNuoAcytH TrNuoAcytH 
A               B 
   1       2                            1        Std        2 
Fig. 3. Visualization of cytochrome c fusion proteins in E. coli membranes by
immunodetection (Panel A) and of puriﬁed protein by heme staining (Panel B). Full
length NuoA with the fused cytochrome c and his-tag (NuoAcytH) polypeptide has a
calculated mass of 27 kDa, whereas the size of the truncated NuoA and cytcH fusion
protein (TrNuoAcytcH) is 21 kDa. Panel A: Western blot of E. coli membranes using
antibodies against cyt c550. 1 lg of membrane protein of E. coli expressing the fusion
protein was loaded into each lane. Lane 1 contains membranes with the NuoAcytH
fusion protein and Lane 2, the TrNuoAcytH fusion protein. Panel B: SDS–PAGE gel
stained for covalently bound heme, where peroxidase activity is detected by 3,3-
diaminobenzidine tetrahydrochloride. Lane 1 contains 20 lg of the puriﬁed
NuoAcytcH fusion protein. Lane 2 contains 10 lg of the puriﬁed TrNuoAcytcH
fusion protein.
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his-tag for subsequent puriﬁcation. The heme c insertion apparatus
needed for covalent attachment of heme to the CxxCH motif in c-
type cytochromes is only present in the E. coli periplasm [21,30].
Therefore, the method is applicable to all membrane proteins hav-
ing the C-terminus on the periplasmic side of the membrane when
expressed in E. coli. To produce the fusion protein, the gene encod-
ing the NuoA protein from E. coli complex I was ampliﬁed by PCR,
omitting only the stop codon, and the resulting DNA fragment was
cloned into pTCH. The bacteria, plasmids and primer sequences
used are listed in Table 1. In spite of co-expression with a plasmid
carrying genes encoding the cytochrome c heme insertion and
maturation proteins constitutively expressed, no cytochrome c
could be detected for the full length NuoA fused to a cytochrome
c domain. Optical spectra of membranes did not show an ascorbate
reducible peak at 550 nm, but only dithionite-reducible cyto-
chromes, naturally present in wild type E. coli, were seen
(Fig. 2A). A full length fusion protein lacking heme was however
obtained by Western blot, using anti-cytochrome c antibodies
(Fig. 3A). Given the results from 3.1, a possible explanation could
be that the C-terminus of NuoA was located in the cytoplasm,
rather than in the periplasm as was previously reported [10]. To
test this possibility experimentally, we produced a second cyto-
chrome c-NuoA fusion protein, where the NuoA polypeptide was
truncated at the position of arginine 93 in the second extramemb-
raneous loop (Table 1, Fig. 1), leaving out the last predicted trans-
membrane helix. The expression of fusion protein was optimized
as before (Table 3, [15]). Indeed, this truncated NuoA polypeptide
formed a heme containing cytochrome with normal spectroscopic
properties (Fig. 2B and Fig. 3B). The maximal expression of holocy-
tochrome was obtained after 12 h of growth (Table 3.) The expres-
sion of full length E. coli NuoA with the fused C-terminal
cytochrome c domain did not result in the production of any
detectable holo-cytochrome after 12 h of growth. Both proteins
could however be puriﬁed using the his-tag, and were detectable
with anti-cytochrome c antibodies both in the puriﬁed state (not
shown) and in the membranes (Fig. 3A) but only the shorter poly-
peptide contained a covalently bound heme that could be visual-
ized using the heme staining technique (Fig. 3B). The puriﬁed
truncated NuoA polypeptide contained 39.9 nmol heme per mg
protein corresponding to about 85% heme insertion efﬁciency, if
the protein was 100% pure. The likewise puriﬁed full length NuoAfusion protein never contained any spectroscopically detectable
heme. The actual purity of the two proteins after the one step puri-
ﬁcation was less than 90% as estimated from coomassie-stained
SDS–PAGE gels (not shown). Taken together, this strongly suggest
that the C-terminal end of E. coli NuoA is located in the cytoplasm,
not the periplasm.
To further look into the previous ambiguous results from NuoA
fusions to PhoA and GFP [13] that both resulted in low activities,
leaving the orientation of the NuoA polypeptide undecided, a new
constructwasbuiltwhere the full lengthNuoAwasgenetically fused
to PhoA. The nuoA gene from E. coliwas again ampliﬁed by PCR and
the fragmentwas cloned into a vector containing the truncated phoA
gene, essentially as previously described [11]. As control proteins,
two PhoA fusion proteins from a previous study [11], one NHF3 con-
taining a PhoA positive and another NHF4 containing a PhoA
Table 3
Comparison of cytochrome c yield in membranes of E. coli grown at different
incubation times.
Incubation time
(h)
TrNuoAcytH per liter culture
(lg/L)
NuoAcytH per liter culture
(lg/L)
8 36.8 nda
12 225.5 nda
21 110.6 nda
26 9.0 nda
45 6.4 nda
The cytochrome c content was calculated as described in Section 2.5, using the
extinction coefﬁcient for native B. subtilis cytochrome c [24].
a nd = Not detectable. There was no absorbance at 550 nm in E. coli membranes
expressing full length NuoAcytH, and therefore no cytochrome c yield was
calculated.
Table 4
Alkaline phosphatase activitya (u).
Fusion protein E. coli CC118 E. coli Rosetta Gami
NuoA-PhoA 42 ± 10 155 ± 67
NHF3 649 ± 180 778 ± 200
NHF4 11 ± 8 30 ± 5
a PhoA activity was calculated as in [11]. n  3.
Fig. 4. Western blot of E. coli membranes containing PhoA fusion proteins. The
NHF3 fusion protein is 54 kDa and the NHF4 fusion protein is 58 kDa compared to
NuoA-PhoA that has a size of 59 kDa. The ﬁrst three lanes are of E. coli CC118
whereas the three latter are from E. coli Rosetha-Gami (that permits disulﬁde bond
formation also in the cytoplasm) Lane 1 and 4 contain membranes with NuoA-PhoA,
lane 2 and 5 contain membranes with the active fusion NHF3 and ﬁnally,
membranes containing the inactive fusion NHF4 are loaded in lane 3 and 6. 2 lg
membrane protein was loaded in lane 1 and 4, 0.1 lg membrane protein was loaded
in lane 2 and 5, and 10 lg membrane protein was loaded in lanes 3 and 6, to allow
simultaneous visualization of all three constructs. The primary antibody is directed
against the PhoA domain, thus both full length polypeptides and smaller degrada-
tion products are typically detected.
Fig. 5. Revised topology model of NuoA, containing three transmembrane seg-
ments, with the C-terminus located in the bacterial cytoplasm/mitochondrial
matrix. Location of amino acids conserved or discussed in the text are indicated in
the model.
3282 E. Virzintiene et al. / FEBS Letters 585 (2011) 3277–3283negative construct were expressed and the PhoA activity was ana-
lyzed inparallel. BothNHF3andNHF4areof similar sizeas the fusion
protein of the entire NuoA plus PhoA protein construct (Table 4,
Fig. 4). The PhoA activity of the NuoA-PhoA protein was only 10%
of thatof anactive fusionproteinof comparable size,NHF3.ThePhoA
activity was somewhat higher than for NHF4, that contain three TM
helices of the NuoH subunit plus PhoA (Table 4 and [11]) but signif-
icantly lower than for instance what was previously obtained for
NLF4 that contains three TM helices of the NuoL subunit plus PhoA,
with the fusion point located on the inside (122 u, see [12]). To ac-
count for varyingexpression levels andprotein stability of thediffer-
ent constructs, the NuoA fusion protein and the control proteins
were also expressed in E. coli Rosetta-Gami, an E. coli strain
engineered to allow disulﬁde bridge formation, and thus formation
of active PhoA, both in the cytoplasm and in the periplasm. E. coli
Rosetta-Gami was previously used to identify false-negative PhoA
fusion constructs [31]. The PhoA activity of the current full length
NuoA fusion protein increased about three times when expressed
in E. coli Rosetta-Gami (Table 4). An increased activity of the same
magnitude is seen for the PhoA negative control protein NHF4
(Table 4, Fig. 4). This demonstrates that the low activity of NuoA-
PhoA in E. coli CC118 is due to the cytoplasmic location, and not
due to poor expression of this particular construct. In summary, it
must be conclude that the C-terminal end of NuoA is located in the
bacterial cytoplasm.
3.3. The revised NuoA topology model
The newmodel (Fig. 5) places the only two fully conserved ami-
no acid residues in NuoA, a glutamate and a glycine, facing the in-
side. Two relatively conserved aspartate/glutamate residues in
helix II are in the lower part of the transmembrane segment, just
as the opposing glutamate in helix III. The D79 and E81, that were
demonstrated to be particularly important for function [32], essen-
tially retain the same central, intra-membraneous location as in
the previous model. The important residue cysteine-39 in the B.
taurus ND3/NuoA, that was shown to be involved in the active/
inactive transition of the bovine complex I, is located in loop 1
([7], Fig. 1). Since this speciﬁc cysteine is hidden in the active com-
plex I and becomes accessible to chemical modiﬁcation only in the
inactive form of complex I, a cytoplasmic location seems to betterexplain the observed features. Interestingly, three mitochondrial
mutations causing Leigh syndrome and dystonia have been found
in ND3/NuoA [33]. These three mutations, (S34P, S45P and A47T)
are located in close vicinity to each other in loop 1, in what is
seemingly a mutational hotspot. These authors [33] concluded that
loop 1 most likely is in contact with the other complex I subunits to
cause such dire effects when mutated. This is in full agreement
with the new, revised topology of NuoA.
When this paper was under revision, a novel structure of the
E. coli complex I membrane domain appeared [34], with better res-
olution than in that previously mentioned in the introduction [3].
The NuoA subunit is located at the most proximal end of the re-
solved membrane domain, adjacent to the NuoH subunit that is ab-
sent in the current structure. Although both the N- and C-termini
and the long loop 1 of NuoA are also missing from the current
structural model, the outside location of the small loop 2 seems
to be corroborated in the solved structure [34].
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